Between 1989 and 1992 meiotic chromosome studies and synaptonemal complex analyses were evaluated using light and, in part, electron microscopy in 46 infertile males with highly abnormal spermiograms. This examination focused on whether the breakdown of spermatogenesis could be attributed to pairing anomalies of bivalents. The study of meiotic chromosomes and synaptonemal complexes indicated normal spermatogenesis in five patients (11%); in the remainder, maturation arrest was diagnosed. In 21 individuals (50%) the breakdown was accompanied by pairing anomalies (asynapsis, fragmented synaptonemal complexes, X/Y univalence). Thus it is shown that male infertility can often partly be explained by meiotic disorders.
Introduction
Male infertility is responsible for half of all involuntarily childless partnerships. Numerous factors contribute to male infertility, including chromosomal make up, single gene defects, hormonal milieu, genital infections and chemical and physical agents. The study of male infertility reflects the complexity of this progress and relies routinely on a detailed history, physical examination, semen analysis, hormonal screening and chromosome analysis of the somatic cells.
Many experimental examples have shown that infertility can be related to anomalies involving meiotic chromosomes, with the somatic chromosomes being normal. Patients with a normal number and structure of somatic chromosomes may show a range of anomalies at each stage of meiosis: the complete absence of pairing, unpaired isolated chromosomes or unpaired segments of chromosomes and the absence of the sex vesicle at pachytene; low chiasma counts, incomplete or complete desynapsis with the presence of univalents only and the fragmentation of bivalents at metaphase I with subsequent meiotic arrest; and abnormal chromosome counts at metaphase II (Koulischer et al., 1982) . Templado (1980) reported that 1.5-7.0% of infertile male patients showed meiotic chromosome 2154 © European Society for Human Reproduction and Embryology anomalies that could be detected only when the germinal cell line was studied directly. While chromosome analyses of somatic cells are performed routinely on lymphocytes and fibroblasts, meiotic chromosome preparations require the observation of immature germ cells from ejaculate (Lange et al., 1992) or testicular biopsies. Testicular biopsies allow histological examinations of the different testicular compartments and provide information about reproductive potential. Such biopsies can differentiate between obstructive and nonobstructive azoospermia, and can indicate whether surgical intervention will restore fertility or if intracytoplasmic sperm injection (ICSI) using testicular cells will be the only chance of reproduction for the patient. Here we report the results of cytogenetic and histological investigations of testicular biopsies from 46 infertile men.
Materials and methods
This clinical study was performed between 1989 and 1992, at a time when ICSI was relatively unknown and was not used as a therapeutic instrument. A total of 52 subfertile males attended the Department of Andrology/Clinic of Dermatology, University of Marburg, Germany for a testicular biopsy. Results of previous semen analyses in these 52 men showed that one was aspermic, 16 were azoospermic and 35 were severely oligozoospermic (Ͻ10 6 spermatozoa/ml). Neither patients with a testicular volume Ͻ6 ml (e.g. Klinefelter's syndrome) nor carriers of other somatic chromosome aberrations were included in this diagnostic procedure. Testicular biopsies were performed unilaterally under local anaesthesia. The histological evaluation was based on the semi-thin section technique according to Holstein and Wulfhekel (1971) . This technique is based on the embedding of tissue in Epon according to Luft (1961) : 1 µm thick sections were cut from the specimens by means of an ultramicrotome. The sections were stained with a mixture of 4 parts 1% Toluidine Blue and one part 1% Pyronine at 80°C for~5 min. The sections were then fixed on a slide and covered. Samples were stored in the dark, as recommended, until microscope investigation because the dye tends to lose intensity. For meiotic studies, the tissue was collected in a hypotonic 0.56% KCl solution; for synaptonemal complex analysis, the tissue was collected in isotonic 0.9% NaCl solution. The probes (one or two pinhead-like pieces per method) were sent direct to the Institute of Human Genetics, University of Göttingen, Germany. Cytogenetic preparations were carried out within 24 h using the technique of Evans et al. (1964) and Navarro et al. (1981) . No fewer than two slides resp. in all, 20 spermatocytes were analysed per method. As far as possible, all synaptonemal complexes with a conspicuous or strange appearance were studied by light and electron microscopy. Because the biopsy from six of the patients showed no germinal cells, only 46 probes were analysed for pairing anomalies.
Results
Patients (n ϭ 46) were classified into three groups according to the results of the cytogenetic study. Group A (n ϭ 5) Group A was composed of individuals with normal meiotic chromosomes (Figures 1 and 2 ). The histological evaluation of the five biopsies indicated normal or only slightly reduced spermatogenesis.
Group B (n ϭ 20)
Patients in group B had maturation arrest at the stage of the primary or secondary spermatocyte. No meiotic irregularities were noticed to explain the degeneration process (Table I) .
Histological studies indicated Sertoli cell-only syndrome
Figures 3 (upper) and 4 (lower). Abnormal primary spermatocytes (middle/late pachytene) with asynaptic synaptonemal complexes (→) shown by electron microscopy (original magnification ϫ1100) and light microscopy (original magnification ϫ750). The sex vesicle is marked.
(n ϭ 4), mixed testicular atrophy (n ϭ 4), meiotic arrest (n ϭ 10), hypospermatogenesis (n ϭ 1) and normal spermatogenesis (n ϭ 1).
Group C (n ϭ 21)
Group C comprised individuals with maturation arrest at the stage of the primary spermatocyte. Maturation arrest was caused by asynaptic or fragmented synaptonemal complexes and chromosomes (Table II) (Figures 3-6 ). Histological results were heterogeneous. Mixed testicular atrophy (n ϭ 4), maturation arrest (n ϭ 11) and normal spermatogenesis (n ϭ 6) were diagnosed. Four patients in this group had suffered from cryptorchidism in childhood (unilateral or bilateral).
Discussion
Testicular biopsy is a useful tool in the diagnosis of infertility in azoospermic or oligozoospermic men. 
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A common histological diagnosis is spermatogenic arrest. Nevertheless, normal or nearly normal spermatogenesis is observed in 3-20% of testicular biopsies from infertile men (Magid et al., 1990) . In our study, five patients (11%) had normal spermatogenesis and a normal meiotic process. The highly abnormal spermiograms therefore indicated an obstruction as the cause of infertility.
In the remaining 41 men, maturation arrest was diagnosed. Cell types common prior to arrest were present in almost normal amounts, whereas those that exist beyond the arrest stage were either absent or only very few in number.
The partly controversial cytogenetic and histological results may be explained by samples for the analyses being taken from different areas of the testis: the variability of sperm production from tubule to tubule within the testis of an individual is well known.
In 21 individuals the breakdown was associated with pairing anomalies. Templado (1980) showed that 1.5-7.0% of infertile patients with normal somatic chromosomes have meiotic chromosome anomalies that are detectable only by direct study of the germinal cell line. Such anomalies may include asynapsis, the fragmentation of synaptonemal complexes, low chiasma counts, X/Y univalence and abnormal chromosome counts at metaphase I/metaphase II with subsequent meiotic arrest, as shown by Navarro et al. (1986 Navarro et al. ( , 1990 and Speed and Chandley (1990) . Martin (1996) reported a study of 10 infertile patients who were prime candidates for ICSI. The infertile men with oligo-, astheno-or teratozoospermia all had a normal lymphocyte karyotype and no known exposure to radiation, drugs or environmental factors. Results from both fluorescent in-situ hybridization (FISH) analysis and sperm karyotyping demonstrated a significantly increased frequency of aneuploidy, particularly for the sex chromosomes. Martin (1996) suggested that meiotic pairing abnormalities in the study population led to meiotic arrest in some cells and aneuploidy in other cells capable of completing spermatogenesis. It was hypothesized that it is quite plausible that infertile men have decreased recombination and pairing, leading to both meiotic arrest and non-disjunction of the chromosomes. Others (Chaganti and German, 1979; Chaganti et al., 1980; Navarro et al., 1990) have discussed whether meiotic abnormalities are caused by single gene mutations that can be inherited in an autosomal-recessive, an X-linked recessive or a sexlimited autosomal-dominant manner. These mutations would not affect the assembly and pairing of the synaptonemal complexes in the first stages of prophase I, but would interfere with the complete pairing of the complexes and result in late zygotene/pachytene arrest. The fact that the sibling of one patient with a normal karyotype was also affected by infertility favours this theory.
Meiotic chromosome studies in infertile men are helpful for diagnosis because they provide insights into the causes of male infertility. Although it was not possible to determine the cause of infertility in each patient, maturation arrest could be attributed to meiotic abnormalities in half of the patients studied. Unfortunately these aberrations could not be related 2157 to specific chromosomes because only silver staining was used. Now FISH can be employed successfully in meiotic preparations, allowing the unequivocal identification of those bivalents where suitable probes are available. Nevertheless there is an obvious need for further testing and improvements in methods.
It is necessary to determine the indications for a cytogenetic analysis of germ cells in infertile men and to develop complex approaches for their cytogenetic and genetic investigation. Desynapsis and univalence not only lead to spermatogenic breakdown but also favour mitotic disorders and the development of aneuploid sperm cells. Therefore it follows that infertile patients will always have a higher risk of producing offspring with numerical chromosome aberrations (Martin, 1996) . The number of meiotic irregularities will partly determine the number of aneuploid germ cells. Knowing that this risk exists may enable patients to obtain a prenatal diagnosis, especially in those cases where it is not normally offered. Nowadays the technique of ICSI has the effect that diagnosis and therapy of male infertility are neglected (Krause, 1996) ; moreover this treatment is especially successful in cases of extreme oligozoospermia or completely immotile or morphologically aberrant germ cells (Calderón et al., 1996; Hassan and Hisham, 1996; Kahraman et al., 1996 Kahraman et al., , 1997 Mansour et al., 1996; Pelinck et al., 1996; Ron-El et al., 1996; Antinori et al., 1997) . Thus, many scientists are apprehensive and have asked to what extent paternal infertility is being transferred to the next generation (Meschede et al., 1995) . As it has been shown that non-obstructive azoospermia and idiopathic oligozoospermia are commonly caused by Sertoli cell-only syndrome or by maturation arrest of spermatogenesis, and that these conditions are often caused by deletions or mutations of a particular region normally located on the long arm of the Y chromosome (Kremer et al., 1997) , the specific defect (AZF deletion; DAZ mutation) will be transmitted from father to son. Hence it follows that therapeutic advances such as ICSI may be contributing to an extra burden in future generations of genetic constitutions that nature would routinely eliminate (Mulhall et al., 1997) . Although the precise role played by microdeletions or mutations in Yq11 in male infertility is still not absolutely clear and it is possible that the techniques of micro-assisted reproduction will lead to an almost negligible increase in the risk of genetic disorders and fertility problems (Engel et al., 1996) , questions about the long-term effects of ICSI remain to be answered.
Only by cytogenetic and molecular genetic analysis can the pathogenic mechanisms of male infertility be revealed which in turn can promote the development of therapeutic and prophylactic measures in practical health care.
